Abstract Utilising a Nd:YVO 4 laser (wavelength of 532 nm, pulse duration of 8 ns, repetition rate of 30 kHz) and a Nd:YAG laser (wavelength of 1064 nm, pulse duration of 7 ns, repetition rate of 25 kHz), it was found that during the pulsed laser ablation of metal targets, such as stainless steel, periodic nodular microstructures (microcones) with average periods ranging from ∼30 to ∼50 μm were formed. This period depends on the number of accumulated laser pulses and is independent of the laser wavelength. It was found that the formation of microcones could occur after as little as 1500 pulses/spot (a lower number than previously reported) are fired onto a target surface location at laser fluence of ∼12 J/cm 2 , intensity of ∼1.5 GW/cm 2 . The initial feedback mechanism required for the formation of structures is attributed to the hydrodynamic instabilities of the melt. In addition to this, it has been shown that the structures grow along the optical axis of the incoming laser radiation. We demonstrate that highly regular structures can be produced at various angles, something not satisfactorily presented on metallic surfaces previously. The affecting factors such as incident angle of the laser beam and the structures that can be formed when varying the manner in which the
Introduction
The use of lasers for the direct writing of microfeatures is common practice in the field of materials processing [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . The formation of laser-induced surface structures with a period approximately equal to the laser wavelength is well understood [5, 6] . However, the use of lasers to produce self-assembled structures is a less exploited area, and the mechanisms responsible for their growth are still under discussion. The microstructures developed under multi-pulse laser irradiation have usually a somewhat higher period (typically tens of micrometers) [7] . Microstructures have been observed in many materials under inert and reactive ambient gases, with laser wavelengths from UV to IR and laser pulse durations from nanosecond to femtosecond. In some cases, such as pulsed laser deposition of thin films they appear at the bottom of craters after laser ablation processes. In other cases, they grow from the surface of the target, e.g. in surface modification treatment at various laser fluences. The latter results from the melting of a surface layer and a low vaporisation rate depending on the intensity of the source and number of accumulated pulses. Over the past several years, there have been several reports of laser generated self-assembled structures on metals [9] [10] [11] [12] , semiconductors [8] [9] [10] [11] , and polymers [13, 14] . Unlike conical structures that have been reported on laser machined polymer surfaces, the process by which microcones and alike are produced on a metallic substrates is a melt flow dominated process rather than vaporisation-redeposition process [8] [9] [10] . Previous results have shown that when a large number of laser pulses (10 5 ) at laser intensities in the order of 10 6 W/cm 2 are delivered to metal targets, self-assembled arrays of microstructures, with a period of ∼70 μm, can be formed [8, 9] . This value was much smaller that the laser spot size of ∼300 μm used for these experiments, and was also far from the initial capillary wave period. Initial impetus for this work came from similar studies of structure formation in liquid environments [10] .
This paper intends to show a methodical approach to the different types of structures that can be produced by firing relatively large numbers of pulses (10 2 -10 4 pulses) at metallic targets, specifically stainless steel. We show that at high laser intensities, in the order of ∼1.5 × 10 9 W/cm 2 and after as little as 1500 pulse/spot are fired onto the target, regular microstructures can be formed. The formations of these structures are attributed to the hydrodynamic instabilities of the melt produced on the surface during laser heating. It is also reported that the axis of the self-assembled structures are oriented along the direction of the laser beam. It results in the formation of highly regular structures at various angles on the metal surface owing to the good beam quality of the source. This has been shown to some degree in [7] , where silicon microcones where produced by laser machining in an SF 6 environment. As formation of microstructures is not exclusively produced in exotic gas environments, it would seem reasonable that they could be produced in an air environment. The production of such features is believed to have applications as black body sources [15] , and in the fields of surface wettability, and microbiology.
Experimental details
For the first set of experiments, a Nd:YVO 4 laser system (λ = 532 nm, τ = 8 ns, with a repetition rate of 30 kHz) was used to process Stainless Steel (AISI 304) samples in air environments (at room temperature and normal atmospheric pressure). The laser beam with a near Gaussian intensity distribution (M 2 ∼ 1.5) was focused onto the surface with spot diameter of ∼50 μm. For these experiments laser fluence of ∼12 J/cm 2 , intensity of ∼1.5 GW/cm 2 , was used. The laser beam was raster scanned over the surface of the target using a computer controlled galvo-scanning system equipped with a flat field lens. The hatch distance, the distance between adjacent raster scans, was 25 μm resulting in ∼50% beam overlap between consecutive scans. Due to the laser repetition rate and the scan velocity multiple passes were required in order that the desired number of pulses at each spot on the target surface were achieved. The dependence of structure formation on the total number of pulses fired at the target was investigated by changing the number of passes from one (1500 pulses/spot) to seven (10500 pulses/spot).
For the next set of experiments Nd:YAG laser system (λ = 1064 nm, τ = 7 ns, with a repetition rate of 25 kHz) was used. Once again the laser beam with a near Gaussian intensity distribution (M 2 ∼ 1.5) was focused onto the surface with spot diameter of ∼50 μm. For these experiments only a laser fluence of ∼3 J/cm 2 , intensity of ∼0.43 GW/cm 2 , was used to process the samples in air environments (at room temperature and normal atmospheric pressure). It has been noted that the structures are formed aligned towards the incoming laser beam. Although it has been previously indicated, a systematic study to produce microstructures, which are aligned with the laser beam, on metallic surface does not seem to have been reported. It was calculated that the depth of focus, the distance either side of the beam waist over which the beam diameter grows by 5%, at a wavelength of 1064 nm was ∼ ±400 μm. This allowed the target to be tilted so that processing could take place within a regime where the laser beam parameters would stay relatively uniform. Three incident angles of 75, 60, and 45 degrees were used. These structures were processed in both the parallel line scanning and the cross hatching regimes. The target was processed so that ∼2500 pulses were fired at a single target site in the line scanning regime, and hence 5000 pulses were fired per spot in the cross hatching regime.
Results and discussion
Raster scanning of a 532 nm laser beam over a stainless steel target produced the microstructures that can be seen in Fig. 1e . This occurred after ∼10500 pulses had been applied per spot. Here, the period of the microstructures, measured as the average separation between tips, is ∼50 μm, close to the laser spot size on the target. It was not mentioned in previous reports, that it is possible to produce these structures by applying as few as 1500 pulses/spot, as can be seen in Fig. 1d . It was found that an increase in the number of pulses per spot, from 1500 to 10500 (Fig. 1a, b , c, and d), results in the increase of the period of the microstructure, from ∼30 μm to ∼50 μm, respectively, with intermediate values being ∼34 μm for 4500 pulses/spot (Fig. 1c) , and ∼41 μm for 7500 pulses/spot (Fig. 1b) . This affects the number density of the structures. The number density of the cones decreases as the number of pulses fired per spot increases. Thus, the increase in the period of the microstructures suggests the growth of some cones at the expense of others. It can be seen from Fig. 2 that as the number of pulses applied to a target surface are increased, the period of the microstructure increases in a parabolic manner. This would suggest that there will be a practical limit to the period of the microstructure. After this point, only ablation of the surface would take place and the structures would appear further below the original surface. It was also observed that when the number of pulses per spot is kept constant the Fig. 2 Graph showing the increase of microstructure period as the total number of pulses fired at the target increases height of the microcones increases with the laser fluence, while the total number of cones decreases. In the experiment under discussion, the major change that occurs in the surface is the position of the microcones in relation to the original surface. As can be seen from Fig. 1 , as more pulses are applied, the structures are formed further below the original surface. This is attributed to the ablation of the material. One may consider evaporation and redeposition of the ablated material as a dominant mechanism since a large number of pulses at high laser fluence are accumulated in this case. However, the smooth surface of the microcones with well-defined apex angle suggests melt displacement as the dominant growth mechanism in these experiments.
It is believed that there are two driving forces behind this material movement. The first of these is the pressure of the expanding ablation products, which are produced at the centre of the laser beam. Owing to the high intensity and good beam quality of the source, ablation occurs at the centre of the laser beam, which is above the ablation threshold of the material. At the edges of the beam, melting occurs. Interaction of the melt with the pressure in the near-surface plasma layer results in hydrodynamic instabilities of the melt. Development of the instability requires that a large number of laser pulses fired onto the target. It is known that in the absence of definite polarisation of the laser beam and spatial modulation of the radiation intensity (in our case achieved owing to the good beam quality of the source) melt instability in the field of ablation plume pressure results in the growth of large-scale surface structures with a characteristic period of ∼20-30 μm [16] . In the range of irradiation parameters here (intensities in the range of ∼10 8 -10 10 W/cm 2 , and pulse durations in the range of <30 ns), formation of these structures is due to a spatial modulation of the pressure in the near-surface plasma layer, followed by melt outflow from pits to humps and subsequent solidification. It is believed that these large-scale surface structures and capillary wave instabilities (aperiodically unstable capillary waves) in the vicinity of plume pressure would act as precursors to the formation of microcones. These waves would alter the reflectivity of the target surface and hence introducing a non-uniform temperature distribution on the target. The nonuniform temperature melt will then give rise to gradients in the surface tension of the molten material. The surface tension of liquids decreases with temperature and they tend to be pulled from hotter regions towards cooler ones. In this case, after initial steps, >1000 pulses/spot and development of the first microcones, more heating occurs at locations that are orientated normal to the incoming laser beam, i.e. the tips of the micro-cones and the inter-cone areas. This results in the general effect that any parts of the surface, which are not orientated normal to the beam, will be cooler and therefore have a higher surface tension, i.e. the sidewalls of the micro-cones. Due to the small cross-section of the tips they do not absorb much of the laser energy. We can thus conclude that the inter-cone areas acquire the highest temperature due to the fact that they are oriented perpendicular to the laser beam. They are also exposed, and hence absorb the laser irradiation reflected by the sidewalls of the microcones. This indicates that the surface tension in these areas has the lowest value on the target material. This results in the development of new structures until a certain number of pulses per spot have been fired onto the target, in our case 1500, and the surface is covered by microcones.
It has to be pointed out that at lower laser fluences the morphology of the surface also evolves with the number of pulses fired onto the target. Figure 3 shows the surface of the target after only 165 pulses/spot are applied laser fluence of 3 J/cm 2 (intensity of ∼0.38 GW/cm 2 ). It can be seen that at the initial stage the structures are formed from the surface relief. It was earlier suggested that capillary waves on the melted target surface are precursors to the formation of three-dimensional periodic structures [17] . Later, a feedback mechanism responsible for the growth of such structures from capillary waves was suggested [8] .
So far, the method of scanning the laser beam over the sample had been simple raster scanning. To try and improve the quality of the microstructures that were produced, a cross hatched scanning method was adopted using the Nd:YAG laser system (intensity of ∼0.43 GW/cm 2 ). It was noticed that this technique results in the production of highly regular arrays of microfeatures on the surface of a metallic sample. Analysis of further studies of this technique will be the subject of a subsequent paper. When a stainless steel target was tilted and processed within the depth of focus of the laser system used, structures were formed (Fig. 4a, b, and c) . The incident beam angles in Fig. 4a, b , and c were 75, 60, and 45 degrees, respectively. This gives a good agreement with the final angles of the structures. For this experiment, ∼2500 pulses were applied per spot. It was noted that the development of individual structures is slower the shallower the incident angle of the laser beam. This is because the actual area that the focused beam covers increases due to foreshortening at shallower incident angles, thus decreasing the laser fluence. This is due to the dependence of the laser fluence on the cosine of the incident angle. Eventually, structuring would stop as the fluence at the target drops below that required to effectively process the surface. Applying the cross hatching technique, it is possible to produce the structures shown in Fig. 5a , b, and c. Here, approximately 5000 pulses per spot are fired onto the target. The structures shown were produced at the same incident angles as those in Fig. 4 ; however, the scanning pattern and hatch distance were varied to produce regular arrays of structures aligned with the incoming laser beam. It can be seen uniform and evenly spaced microfeatures are produced. In addition to this, the effect of varying the incident beam angle allows the accurate control of structure angles on a micron scale.
Conclusion
It is shown that raster-scan multipulse irradiation of steel at 532 and 1064 nm in air produces microcone arrays with spatial periods ranging from 30 to 50 μm, depending on the number of pulses fired onto the target surface for constant intensity. Regular arrays of microcones with average tip-totip distances of ∼30 μm for 1500 pulses/spot to ∼50 μm for 10500 pulses/spot at intensity of 1.5 GW/cm 2 were produced. The initial feedback mechanism required for the formation of structures is attributed to the hydrodynamic instabilities of the melt.
There are several other outcomes from this work that should be noted if it is desirable to form this type of structure. Firstly, it is not necessary to deposit 10 4 + pulses. Using the correct combination of laser intensity, hatch distance, number of pulses/spot it has been shown that it is possible to produce microstructures by applying as few as 1500-2000 pulses per spot. This greatly decreases the amount of time and effort, which is needed to microstructure a given metallic surface. It was found that the structures produced do align themselves with the incident laser beam; however, the production of such features requires more pulses the further away from the normal incidence.
To avoid the reliance on self-assembly, it is possible to control not only the size but also the arrangement of microstructres by changing the way the laser beam is scanned over the target. Choosing a cross hatching pattern will produce microfeatures between the scan lines. The size and form of these features is largely dependant on the focal spot size of the laser. This will have to be tested from the results and analysis of further studies, and will be the subject of a subsequent paper.
